A layered manganese oxide film grown electrochemically was applied to remove methylene blue (MB), a cationic dye, from an aqueous solution. A layered MnOx film intercalated with tetraethylammonium (Et4N) cations was deposited potentiostatically at +1.0 V (vs. Ag/AgCl) from an aqueous Mn 2+ solution containing Et4NCl. Et4N cations were sandwiched between negatively charged MnOx layers. When the Et4N/MnOx film was immersed in a solution containing MB alone, the intercalated Et4N cations were replaced with MB in a solution phase by an ion-exchange mechanism. The uptake capacity of the Et4N/MnOx film for MB was estimated to be 45.3 mg per 1.0 g of MnO2. In the presence of KCl, the MB sorption was seriously restricted because the interlayer space was occupied by K + ions. However, the MnOx film anodized at +0.8 V can selectively take up MB molecules from the KCl solution. This can be ascribed to an increase in the interlayer space available to the sorption of MB due to the extraction of K + ions, where the MnOx surface probably has a specific affinity toward MB molecules.
Introduction
Dyes are used in a wide variety of industries, such as textiles, rubber, plastics, printing, and food, etc. They are highly visible even at very low concentrations, and most organic dyes are harmful to human beings and toxic to plants and microorganisms. Even if they are non-toxic, residual dyes in wastewater absorb sunlight, leading to a decrease in the efficiency of photosynthesis in aquatic plants. 1 Furthermore, their complex molecular structure makes it very difficult to be decomposed by chemical, physical and biological treatments. Thus, dye removals have become increasingly important in wastewater management. Sorption is considered to be an effective and cheap technique for removing dyes, and has wide potential applications. The most commonly used sorbent is activated carbon as a result of its large specific surface area. Recently, porous aluminosilicates, such as clays and zeolites, are gaining attention due to their unique physicochemical properties. 2, 3 Such nanostructured materials provide not only a high specific area, but also charge and size selectivities that can reduce the overall operating costs. To the best of our knowledge, the conventional sorbents are electrically insulating, despite the fact that electrical conductivity in materials offer many advantages for various applications, and many of them are utilized in a state of dispersion. Hence, a conducting thin film capable of removing organic dyes from aqueous solution may provide a breakthrough in sorption and separation technologies.
Among various strategies for fabricating films, electrodeposition is one of the most promising approaches, particularly for obtaining thin and uniform films on substrates of complex shape with a high degree of reproducibility. The thusmade products can have a high enough electrical conductivity.
In 2004, we presented an electrochemical route to construct multilayered manganese oxides that consist of negatively charged MnOx nanolayers and alkylammonium cations sandwiched by the MnOx layers. 4 The process involves an anodic oxidation of aqueous Mn 2+ ions in the presence of the corresponding guest cations. Our preliminary studies indicated that the bulky organic cations incorporated during electrodeposition are replaceable with smaller alkaline metal ions 5 or methylene blue 6 by ion-exchange. In the present study, the sorptive properties of layered manganese oxide film grown electrochemically toward methylene blue [MB, (CH3)2N(C6H3)-NS + (C6H3)N(CH3)2] were examined in detail in aqueous solutions with and without alkaline metal ions. The MB concentration was measured by visible absorption spectroscopy, while the film structure was characterized by x-ray diffractometry and infrared spectroscopy. Furthermore, the sorption behavior was monitored for films under electrochemical potential control.
Experimental

Reagents and chemicals
The chemicals used were of reagent quality, and were used without further purification. All solutions were prepared with doubly distilled water and deoxygenated by bubbling purified nitrogen gas before use.
Electrodeposition
Electrochemical experiments were conducted at 25˚C using a standard three-electrode system in an undivided glass cell. A platinum sheet and an Ag/AgCl (in saturated KCl) electrode were used as counter and reference electrodes, respectively. An EG & G Princeton Applied Research Model 263A potentio/ galvanostat was used to control the electrode potential. Unless otherwise specified, an indium-doped tin oxide (ITO)-coated glass plate (R = 10 W cm) was used as the working electrode to 230 ANALYTICAL SCIENCES FEBRUARY 2009, VOL. 25 fabricate films on it. The film was deposited in an area of 25 ¥ 9 mm. Prior to electrodeposition, the electrode surface was ultrasonically cleaned in a mixed solution of ethanol and water, and then thoroughly rinsed with distilled water. Manganese oxide films with tetraethylammonium (Et4N) were deposited from a 2 mM MnSO4 and 50 mM Et4NCl solution. A constant potential of +1.0 V was applied to the working electrode for 1 h while monitoring the delivered charge. These conditions had been optimized to produce a film with the highest crystallinity. 7 After electrodeposition, the resulting film coated on an ITO electrode was rinsed thoroughly with water. The mass of the film was calculated to be 2.43 ¥ 10 -4 g (as MnO2) according to the charge passed during electrolysis, assuming 100% current efficiency (Mn 2+ + 2H2O AE MnO2 + 4H + + 2e -).
Structural characterization XRD patterns were recorded on a Shimadzu XD-D1 diffractometer with Cu Ka radiation (l = 0.15405 nm). The data were collected in the 2q range from 5 to 50˚ at a scan rate of 1˚ min -1 . The beam voltage was 30 kV, while the beam current was 30 mA. IR spectroscopy was performed on a Shimadzu FTIR 8400S. Reflection-absorption spectra of the deposited film on a Pt substrate (1 cm 2 ) were acquired at an angle of incidence of 80˚ using a reflectance accessory. Transmittance spectra of the reactant were obtained using a pellet of the compound with KBr (Nacalai Tesque; IR grade). The resolution was 8 cm -1 , and 50 scans were collected.
MB sorption and electrochemical measurements
The as-deposited MnOx film on an ITO electrode was rinsed thoroughly with water, dried under a vacuum, and then transferred to a quartz cuvette (10 mm path length) filled with 3 mL of aqueous MB solutions with and without KCl. A Shimadzu UV2400PC was employed to monitor the optical absorption in the solution. Polarization of the MnOx/ITO electrode was made in the same configuration, as shown in Fig.  1 , where both reference and counter electrodes were placed outside of the spectrometer beam. Figure 2 shows the time courses of absorption spectra obtained after immersing the Et4N/MnOx film electrode into solutions containing MB at different concentrations. A peak at 670 nm and a shoulder at 610 nm are characteristic of singly protonated MB in neutral or slightly acidic media, which are attributable to monomeric and dimeric species, respectively. 8 At all MB concentrations, the absorption bands decreased in intensity as the immersion time was increased, indicating the incorporation of MB into the MnOx film. At initial concentrations of less than 0.005 mM, the solutions were completely discolored.
Results and Discussion
Incorporation of MB into electrodeposited MnOx film
In Fig. 3 , the residual concentration (C/Co) of MB is plotted as a function of the immersion time. At 0.01 mM, about 2 days were required to reach the saturation point. In this case, the decrease in the concentration of MB corresponds to the uptake In addition to the peaks (*) due to ITO substrate, two peaks appeared at 9.5 and 18.9˚ in Fig. 4a , corresponding to 0.93 and 0.47 nm. The former is indexable to the 001 face of a layered structure of manganese oxide, and the latter to the second-order diffraction (002) of the 001 peak.
10 d-Spacing of the 001 peak (d001) corresponds to the interlayer distance. The thus-prepared layered MnOx consists of negatively charged MnOx layers and Et4N cations sandwiched between them, as described in our previous paper. 5 The layered structure is substantially the same as those of alkylammonium/ MnOx materials prepared chemically by other researchers. 11, 12 As shown in Fig. 4b , the two peaks shifted to 12.5 and 25.0˚ after contacting aqueous MB ions, indicating shrinkage of the interlayer distance from 0.93 to 0.72 nm.
Films prepared similarly on a Pt substrate were subjected to FTIR reflection absorption measurements, and the obtained spectra are shown in Fig. 5 , along with those of pure MBCl·2H2O and Et4NCl in KBr pellets. Peaks at 1649, 1487, 1390, 1178, 1006, and 790 cm -1 for the as-deposited film (a) can be observed in the spectrum of the parent reagent. A peak at 635 cm -1 can be attributed to the stretching vibrations of Mn-O in manganese oxide. 13 Thus, the XRD and IR data confirm the intercalation of Et4N cations between MnOx nanolayers, where negative charges on the MnOx layers are neutralized by the interlayer Et4N cations. In Fig. 5 , b and c, a peak characteristic only for MB appears at 1602 cm -1 , assignable to the ring C=N stretching vibrations. 14 With an increase in the immersion time, the peak intensity was enhanced. Combined with the optical and XRD data indicated above, it is reasonable to consider that the interlayer region was occupied with MB cations in place of the Et4N cations. Considering the sizes of the planer molecule MB (1.70 ¥ 0.76 ¥ 0.32 nm), 15, 16 we should remove the possibility that the polyheterocycles orient perpendicular to the MnOx layers, since the MnOx sheet has a thickness of about 0.45 nm. 17 Thus, the observed interlayer distance of 0.72 nm suggests that MB molecules are accommodated with their molecular planes parallel to the MnOx layers. Note that the absorption peak due to the Mn-O stretching mode shifted to 656 cm -1 after immersion. This may reflect that not only an electrostatic interaction, but also a specific interaction are involved between the internal surface of layered MnOx and organic molecules.
Effects of polarization
In situ absorption spectra of MB in solution were acquired while the layered Et4N/MnOx film-coated electrode was polarized electrochemically. Layered manganese oxide contains Mn 3+ and Mn 4+ sites, and their ratio varies as a function of the electrode potential from 0 to +0.8 V without any change in the framework structure. 5 That is, negative charges on MnOx layers increase with an increase in the Mn 3+ content, and vice versa. Figure 6 shows time courses of the MB absorption taken in a solution containing MB alone at polarized potentials of 0 (a) and +0.8 (b) V. Unexpectedly, no significant change was observed between the reduced and oxidized states, despite apparently less negative charges being present on the MnOx sheets at +0.8 V. 5 This indicates that an electrostatic interaction is not necessarily required to uptake MB molecules. As described above, it is clear that the intercalated Et4N ions are replaced with MB cations by ion-exchange. Besides, specific affinity of the internal surface of MnOx can also attract MB molecules.
The same experiments were conducted in an MB solution containing 50 mM KCl (Fig. 7) . K + ions were present with a 10000-times higher concentration than MB ions. Under this condition, the Et4N ions between MnOx layers were immediately replaced by K + ions with much higher concentration and charge density. However, the MB concentration was found to decrease at both electrode potentials. At the reduced potential, the absorption peak at 670 nm decreased slightly, while that at 610 nm remained unchanged. This suggests that the monomeric species of MB can be incorporated into the K + -intercalated MnOx film. Since the K + ions should not be ion-exchanged with a much smaller amount of MB cations, we assume that MB molecules with a salt form are accommodated in the interlayer space being not occupied by K + ions. At the positive potential (+0.8 V), however, the MB sorption was clearly accelerated. This means that the film electrode that we designed can selectively incorporate MB molecules even in the coexistence of a large amount of alkaline metal cations, and its sorptive property is tunable by controlling the electrode potential. Since oxidation of the film leads to a decrease in the Mn 3+ content, the ion-exchange sites available to MB cations must be smaller at the oxidized state than the reduced state. Therefore, the behavior observed at +0.8 V evidences the involvement of a specific affinity of a manganese nanosheet toward MB.
Electron transfer to intercalated MB ions
The electrochemical behavior of the MB-incorporated MnOx film was examined in a borate buffer solution (0.1 M NaH2PO4/ Na2HPO4, pH 7.0), where a glassy carbon plate was employed instead of ITO with low conductivity. Figure 8 depicts a voltammetric curve obtained when the MB/MnOx electrode was subjected to potential cycling from the rest potential, along with that for the Et4N/MnOx electrode. Both curves exhibit a broad feature around +0.3 V due to a reduction of Mn 4+ sites in the MnOx film. In addition, the electrode incorporated with MB provided a reduction current peaked at 0.26 V, which can be ascribed to a reduction of MB. 18 As can be seen from the 001 peaks in the XRD patterns of Fig. 9 that were taken before and after the electrochemical treatment, the layered structure remained unchanged after a cathodic scan, which indicates that the injection of electrons into the incorporated MB occurred within the interlayer space through the MnOx nanolayer. On a reverse scan, the corresponding anodic current was dramatically decreased, which is quite different from the typical behavior of MB in bulk solution. 18 This may reflect irreversible reductive degradation of MB on the negative-going scan; a further study is now in progress.
Conclusions
MB can be incorporated from aqueous solution into the interlayer space of the nanolayered manganese oxide film grown anodically. When the Et4N/MnOx film was immersed into a solution containing MB alone, the intercalated Et4N cations were ion-exchanged with MB, while the interlayer spacing was contracted from 0.93 to 0.72 nm. The uptake capacity of the Et4N/MnOx film for MB was estimated to be 45.3 mg per 1.0 g of MnO2. The MB uptake was seriously restricted by the coexistence of K + ions because the interlayer space was occupied by K + ions. However, oxidation of the MnOx film at +0.8 V enabled MB to enter the interlayer space. Probably, the electrochemical explusion of K + ions caused an increase in the internal surface available to the sorption of MB.
